6-Formylpterin is one of the oxidized pterins that accumulate in the white skin patches of patients affected by vitiligo. Studies of photoinduced generation of hydrogen peroxide (H 2 0 2 ) and superoxide anion radical (0 2 · ) by formylpterin in acidic and alkaline aqueous solutions at 350 nm and room temperature have been performed. The photochemical processes were followed by UV-V1S spectrophotometry and enzymatic methods for H 2 0 2 and 0 2 *~determination. When formylpterin is irradiated a red intermediate, that has been proposed to be 6-carboxy-5,8-dihydropterin, is generated in an 0 2 -independent process. In the presence of air that intermediate reacts with 0 2 to yield H 2 0 2 and 6-carboxyptcrin. In anaerobic conditions it undergoes a thermal 0 2 -independent reaction which leads to a non-identified product without generation of H 2 0 2 . The rate constants of such a process were determined to be 0.011 min 1 and 0.044 min 1 at pH 5.4 and 10.5, respectively. (0 2 · ), is also generated during photooxidation of formylpterin, probably as a consequence of the electron transfer from the red intermediate to 0 2 . The biomedical importance of photoinduced generation of H 2 0 2 and 0 2 · is discussed.
Introduction
Interest in photochemistry and photophysics of pterins has been shown since participation of these compounds in different photobiological processes has been proven or suggested. Pterin derivatives may play some role in photoreception processes that take place in plants (1, 2) . A folic acid derivative, 5,10-methenyltetrahydrofolate, is present as the light-harvesting antenna in DNA photolyases (3, 4) , enzymes involved in DNA repair processes after UV light irradiation. Pterins are also interesting as possible photosensitizers in photochemical processes that take place in organisms exposed to UV-Α radiation; e.g., pterins participate as sensitizers in photochemical reactions that induce DNA damage (5, 6, 7) .
Pterin and 6-substituted pterins, the most-common derivatives found in nature, behave as weak acids in aqueous solutions. As reported by Albert (8) for several pterin derivatives, dominant equilibrium at pH higher than 5 involves an amide group (acid form) and a phenolate group (basic form) (Scheme 1). The pK a of this equilibrium is around 8 for different studied pterin derivatives (9) . Other functional groups of the pterin moiety (e.g., 2-amino group or ring nitrogen atoms) have pK a values lower than 2 (8 ) . The mechanism involved in the photooxidation of 6-substituted pterins strongly depends on the nature of the substituent at C(6) as well as on the pH (9) , (e.g., the photochemistry of the acid and basic forms of the pterin derivatives arc different). Some pterin derivatives present a characteristic photochemistry. When solutions of 6-biopterin and neopterin, previously purged with Ar, are exposed to UV-Α radiation, red compounds are generated. It has been proposed that these compounds, with long wavelength (Àmax ~ 480 nm) absorption bands of low intensity, are 6-acyl-5,8-dihydropterins (10, 11, 12) . Therefore the reactions observed imply the reduction of the pterin moiety and the oxidation of the substituent, through an intramolecular redox reaction. The 6-acyl-5,8-dihydropterins are easily oxidized under air or 0 2 -atmosphere to yield the corresponding oxidized pterins. The mechanisms of the photooxidation of 6-(hydroxymethyl (pterin to yield 6-lbrmylpterin ( 13) and of the photooxidation of formylpterin to yield 6-carboxypterin (14, 15) are similar to that described for biopterin and neopterin. These reactions are shown in Scheme 2.
Due to the accumulation of oxidized pterins (e.g. 6-and 7-biopterin), patients affectcd by vitiligo express a characteristic fluorescence in their white skin patches upon Wood's light examination (16) . Thus, the photochemistry and photophysics of oxidized pterins become of importance since these compounds accumulate in zones of the skin where the protection against UV radiation fails due to the lack of melanin. Besides, patients with this depigmentation disorder accumulate hydrogen peroxide (H 2 0 2 ) in their epidermis ( 1 7). H 2 0 ? mediated oxidative stress is involved in the pathogenesis of vitiligo. High levels of this reactive oxygen species deactivate enzymes of the melanin metabolism (17, 18) . Several perturbed pathways leading to the accumulation of H 2 0 2 have been identified.
Recently photolysis of biopterin has been proposed as an additional source for H 2 0 2 generation in vitiligo (19) . Schallreuter et al. demonstrated for the first time the accumulation of 6-carboxypterin in the epidermis of patients affected by this pathology and the generation of H 2 On during the photolysis of biopterin and formylpterin under aerobic conditions (19) . In addition, the photooxidation of biopterin to formylpterin as previously reported by Pfleiderer et al. (11, 12) and the photooxidation of formylpterin to yield 6-carboxypterin as previously reported by Capparelli et al. (14, 15) was confirmed ( Scheme 2 ).
In this report we provide new evidence of the generation of H 2 0 2 by formylpterin upon excitation with UV-Α radiation in aqueous solution. We analyse the photoinduced H 2 0 2 production in the context of the mechanism involved in the photooxidation of this pterin derivative and we compare results obtained for both acid-base forms. In addition, evidence of the photoin- another reactive oxygen species, by fonnylpterin is also reported. Wc discuss the biological implications of the results, particularly in connection with the oxidative stress present in the perturbed skin affected by vitiligo.
Experimental section

Chemicals
Fonnylpterin and other pterins were purchased from Schircks Laboratories (Switzerland) and used without further purification. Cytochrome C (Cyt) from horse heart and superoxide dismutase (SOD) from bovine erythrocytes were from Sigma Chemical Co. The pH of the aqueous solutions was adjusted, by adding drops of NaOII and HCl aqueous solutions from a micropipette. The concentration of the acid and the base used for this purpose ranged from 0.1 M to 2 M. The ionic strength was approximately 10 "' M in all experiments.
U V irradiation
The continuous photolysis ot FPT solutions was carried out in quartz cells ( 1-cm path length) at room temperature. Rayonet RPR lamps emitting at 350 rim (Southern Ν.E. Ultraviolet Co.) were employed for irradiating. Photolysis experiments were performed in the presence and in the absence of air. Deaerated solutions were obtained by bubbling with argon for 20 min.
UV-visiblc spectrophotometiic
ana!ι λ is UV-visible spectra were performed on a Can 1 3
(Vari an) spectrophotometer, using a program for smoothing and averaging signals. Measurements were made using quartz cells of 1 cm optical path length. Absorption spectra ot the solutions were recorded at regular intervals of irradiation time. Experimental difference (ED) spectra were obtained by subtracting the spectrum at time t -= 0 from the subsequent spectra recorded at different times. Each KD spcctrum was normalized relative to the maximum absolute value of the absorbanee difference yielding the normalized experimental difference (NED) spectrum. The analysis based on these difference spectra is described elsewhere ( 14, 20) .
II 2 Oi determinai ion
For determination of II 2 0 2 , the cholesterol kit from Wiener was used. H 2 0 2 was quantified by its color reaction with 4-aminophenazone and phenol (21.22) . 400 microliters of irradiated solution of fonnylpterin was added to 2 ml of reagent. The absorbanee at 505 nm of the solution containing a mixture of irradiated solution and the reagent was measured after 30 min of incubation at room temperature, using the reagent as a blank. Aqueous solutions of H 2 0 2 , prepared from commercial standards, were employed for obtaining the corresponding calibration curves.
Superoxide anion assay Photogeneration of 0 2 · was detected by using SOD inhibitable Cyt reduction method (23) . Fonnylpterin air-equilibrated solutions were irradiated in the presence of Cyt (14 μΜ). The extent of reduction of Cyt was determined by monitoring the increase in the absorbanee at 550 nm. The absorption spectra of oxidized and reduced Cyt are very characteristic and this spectral change provides a sensitive assay for an electron-transfer reaction. This assay has been used to detect not only 0 2 · in aerated solutions, but also electron transfer from excited sensitizers in anaerobic experimental conditions (24) .
Results and Discussion
H 2 0 2 generation during photooxidution of 6-formylpterin
Previously reported studies on production of IE0 2 during the photooxidation of 6-formylpterin were performed in aqueous solutions at pH 7.2 ( 1 9). A value of 7.3 has been reported for the pKa of fonnylpterin ( 14) (Seh eme 1 ). Thus at pH 7.2, both the acid and the basic forms of this compound arc present in significant proportions. Differences on the photochemistry and photophysies of the acid and the basic forms of many pterin derivatives have been reported (9) . Therefore, in order to analyse separately the behaviour of both acidbase forms, we performed our experiments in the pH ranges 5.0-5.0. where pterins are present at more than 99" η in the acid form, and 10.0-10.5, where pterins are present at more than 99% in the basic form.
Fonnylpterin solutions ( 150-200 mM) at pH 5.0 and 10.5 were irradiated in the presence of 0 2 . Spectral analysis showed, as expected, the presence of 6-carboxypterin as the main photoproduct: the NED spcctrum is similar to the normalized reference difference NRD spectrum, obtained from standard solutions of fonnylpterin and 6-carboxyptcrin (see experimental section). This is in agreement with previous reports on photooxidation of fonnylpterin ( 14, 15, 19 ) (Scheme 2). Under these conditions, H 2 0 2 concentration was determined at different irradiation times, indicating that photooxidation of fonnylpterin generates this reactive oxygen species (Figure 1 ). The production of FEO, in acidic medium is faster than in alkaline medium ( Figure 1) . which is logical taking into account that quantum yield of consumption of the acid form of Ptcridincs/Vol. 17/No. 3 formylptcrin is higher than that of the basic form (14, 15) .
In another set of experiments, formylpterin solnthese experimental conditions was slightly lower than the corresponding rate observed in experiments performed upon irradiation in aerobic conditions. We also tions at pH 5.0 and 10.5 were irradiated in the absence of 0 2 (Ar-equilibrated solutions). The irradiated solutions were bubbled with air immediately after interrupting the irradiation. As expected taking into account previous studies (14, 15) , a red compound with a broad absorption band centered at approximately 480 nm was formed during the irradiation in anaerobic conditions. This compound, probably 6-carbo.\y-5,8-dihydropterin (14,15) (Scheme 2), suffers a thermal reaction in the dark as soon as air is admitted into the cell, and the mentioned band disappears. The spectral analysis reveals that the product of this reaction is 6-carboxypterin, which is also in agreement with previous studies ( 14,1 5). As shown in Figure 1 . in this set of experiments, in both pH conditions, 11 2 0 2 was detected and its concentration increased with the irradiation times. However, the rate of FT0 2 production under observed that if the formylpterin solutions irradiated under anaerobic conditions were kept in the cell closed and in the dark for some time, i.e. without admission of air, the amount of H 2 0 2 produced after bubbling air is lower than in the experiments where the admission of air in the cell is carried out as soon as the irradiation is interrupted. These results demonstrate that H 2 0 2 is formed in the thermal reaction between O, and the red intermediate (Scheme 3), generated during the irradiation of both acid-base forms of formylptcrin. This hypothesis had been previously raised ( 19) , but so far not proven. These results also suggest that the red intermediate is not stable. To the best of our knowledge, this fact has not been reported neither for formylpterin, nor for other pterin derivatives with similar photochemistry (6-biopterin. neoptcrin, 6-hydroxymethyl-pterin, etc). Figure 3 . Evolution of the H202 concentration in irradiated solutions of formylpterin as a function of time after interrupting the irradiation, formylpterin solutions ( 1 50 μΜ) were irradiated in anaerobic conditions at pH 5.0 and 10.5 for 5.0 and 8.0 minutes, respectively. After irradiation the solutions were kept in the dark and in the absence of air (steady How of Ar). At different times the solutions were bubbled with air for 5 minutes and the concentration HnOn was determined. Therefore, in order to find out if the red intermediate is consumed by an additional process, which does not generate H202, the stability of that compound in anaerobic conditions was investigated. Surprisingly, we observed that the typical band at 480 nm disappeared when the irradiated solutions were kept in the dark and in anaerobic conditions at room temperature, indicating that the red intermediate is not stable in such conditions. That means that the red intermediate not only reacts with 02 to yield the corresponding oxidized derivative (6-carboxyptenn) and H202, but also undergoes a thermal 02-independent process. Figure 2 shows the evolution of the absorption band centered at 480 nm as a function of time after interrupting the irradiation. The kinetic analysis of the decays of the absorbance at 480 nm shows that the reaction follows a first order law in both pH conditions. The rate constants were determined to be 0.011 min 1 If this thermal réaction takes place in the absence of 02, H202 should not be a product. Therefore, a new series of experiments was performed to check this issue. Deaerated formylpterin (150 μΜ) solutions at pH 5.0 and 10.5 were irradiated for 5.0 and 8.0 minutes, respectively. After stopping the irradiation, the solutions were kept in the dark for different times. During these periods of time the solutions were bubbled with Ar to guarantee anaerobic conditions. Finally, the solutions were bubbled with air for 5 minutes and the concentration II202 was determined. In both acidic and alkaline media, the amount of H20: formed decreased as a function of time (Figure 3) . These results indicate that the thermal 02-independent reaction, as expected, does not generate H202 as a observed. The difference in absorbance (ΔΑ55η) steadily increased with irradiation time, reaching a plateau after about 70-1 00 s (Figure 4 ). ED spectra in the range 500-600 nm obtained in this experiment are in good agreement with those reported in literature for the reduction of Cyt (25 ) . Photoreduction of Cyt was much slower (in acidic medium) or not observed (in alkaline medium) in similar experiments performed in the presence of superoxide dismutase (SOD) (200 U/ml) (Figure 4) . These results show that, under the present experimental conditions, 02·~, generated photochcmically by formylpterin, is the species that transfers the electron to Cyt.
t (min) t (min)
When this assay was carried out in anaerobic conditions, the photoreduction of Cyt was also observed, < <3 product. Taking into account the results analyzed in this section, the reaction pathways exposed in Scheme 3 can be proposed. The red intermediate generated upon excitation at 350 nm can undergo two different transformations: one pathway consists of the reaction with 02 to yield 6-carboxypterin and the other is an 02-independent reaction that leads to a non-identified product.
Superoxide anion When air-equilibrated solutions containing formylpterin (75 μΜ) and Cytochrome C (Cyt) (14 μΜ) at pi I 5.4 and 10.5 were exposed to UV-Α radiation, an increase in absorbance at 550 nm was even in the presence of SOD (200 U/ml), for both acidbase forms. Thus the reduction of Cyt photosensitized by formylpterin can occur in the absence of 02 by means of a direct electron transfer. The photoreduction of Cyt in the absence of 02 has already been observed for other heterocyclic compounds in aqueous solutions (24) . These results are similar to those reported for hydroxymethylpterin (26) and suggest that the red intermediate generated after irradiation of formylpterin is able to transfer one electron either to 02 to yield 02· or directly to Cyt. In air-equilibrated solutions where the 02 represents a large excess over Cyt, the first possibility happens. On the other hand, in the absence of 02 the latter possibility will occur.
To the best ofour knowledge the photoinduced gen- Petroselli G. et ai:. Photoinduced Generation of H 2 0 2 and 0 2 · by 6-fonnylptcrin in Aqueous Solutions eration of 0 2 ·~ by formylpterin has not been reported. This result is very important from a biomedical point of view because this radical, along with other reactive oxygen species, is implicated in the etiology of many pathological conditions. Moreover, formylpterin is one of the oxidized pterins that accumulate in the white skin patches of the patients affected by vitiligo ( 19) . In addition, the oxidative stress generated by the accumulation of H 2 0 2 has been reported to be involved in the pathogenesis ofthat disease (18) . Therefore photoinduced generation of 0 2 · by formylpterin, and very likely by other pterin derivatives present in skin, could contribute to that oxidative stress.
Detected H 2 0 2 (vide supra) could come from (),· (reactions 1 and 2).
H +0 2 · H0 2 · pKa=4.69 (27) (1) Η + 0 2 · + Η0 2 · -» H 2 Ö 2 + 0 2 (2)
Conclusions
When 6-formylpterin is exposed to UV-Α radiation in acidic or alkaline aqueous solutions, a red intermediate is generated in an 0 2 -independent process. That product is rapidly oxidized on admission of 0 2 to yield 6-carboxypterin. H 2 0 2 is a product of the latter thermal reaction. The red intermediate, that has been proposed to be 6-carboxy-5,8-dihydropterin ( 14,1 5 ). is not stable in anaerobic conditions either. On the contrary, it undergoes a thermal 0 2 -independent reaction, reported for the first time in this work, which leads to a nonidentified product without generation of HnO : . The rate constants of such a process were determined to be 0.011 min 1 Another reactive oxygen species, superoxide anion (0 2 ·~), is also generated during photooxidation of formylpterin, probably as a consequence of the electron transfer from the red intermediate to 0 2 present in the solution. This fact is very important from a biomedical point of view because this radical is implicated in the etiology of many pathological conditions. Moreover, considering that formylpterin is one of the oxidized pterins that accumulate in the white skin patches of the patients affected by vitiligo, results shown in this article suggest that photoinduced generation of 0 2 · by formylpterin could contribute to the oxidative stress involved in the pathogenesis of that disease.
